Abstract-The diagnosis of induction machines using Fourier transform relies on tracking the frequency signature of each type of fault in the current's spectrum, but this signature depends on the machine's slip and the supply frequency, so it must be recomputed for each working condition by trained personnel or by diagnostic software. Besides, sampling the current at high rates during long times is needed to achieve a good spectral resolution, which requires large memory space to store and process the current spectra. In this paper, a novel approach is proposed to solve both problems. It is based on the fact that each type of fault generates a series of harmonics in the current's spectrum, whose frequencies are multiples of a characteristic main fault frequency. The tracking analysis of the fault components using the harmonic order (defined as the frequency in per unit of the main fault frequency) as independent variable instead of the frequency generates a unique fault signature, which is the same for any working condition. Besides, this signature can be concentrated in just a very small set of values, the amplitudes of the components with integer harmonic order. This new approach is introduced theoretically and validated experimentally.
I. INTRODUCTION

I
NDUCTION motors (IMs) condition monitoring plays a vital role in assuring the continuity of modern industrial processes, where IMs are a key component, avoiding costly breakdowns. Motor current signature analysis (MCSA) is the dominant diagnostic method in the area of induction machines fault diagnosis, as stated in [1] , due to its low requirements of hardware and software. Just a current sensor is needed to acquire the current signal, and a simple fast Fourier transform (FFT) is needed to obtain the current's spectrum. Besides, there is a huge amount of theoretical studies that establish the frequency signature of each fault, and also an extensive industrial experience that has allowed to establish practical diagnostic fault thresholds. This previous knowledge is an important advantage of MCSA, The authors are with the Department of Electrical Engineering, Universitat Politècnica de València, 46022 Valencia, Spain (e-mail: ansaba2@ upvnet.upv.es; mpineda@die.upv.es; rupucpa@die.upv.es; juperez@die.upv.es; jroger@die.upv.es; mriera@die.upv.es; jmroman@die.upv.es).
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Digital Object Identifier 10.1109/TEC.2015.2416973 which helps to avoid false positive diagnostics (unneeded and costly interruptions of the service), and false negative diagnostics (which can lead to the machine destruction, besides process interruptions). MCSA relies on the detection in the current's spectrum of the frequency signatures that have been derived analytically for each type of fault [2] . In particular, rotor asymmetries (such as broken bar faults, broken end rings, high resistance connections, etc.) can be detected through the presence in the current's spectrum of fault harmonics given by [3] f asym = f 1 + 2ksf 1 , k = ±1, ±2, ±3 . . .
where f 1 is the supply frequency and s is the machine per-unit slip. For the diagnosis of rotor asymmetries, the most used harmonics from (1) are those corresponding to the lowest harmonic order ( k = ±1). These are known as the lower sideband harmonic (LSH) and the upper sideband harmonic (USH), and their frequencies are given by
Furthermore, as [4] states, an effective diagnostic index can be retrieved by summing the amplitudes of these two sideband components in the current spectrum. Mixed eccentricity faults generate harmonics with frequencies given by [5] 
where f r is the mechanical rotation frequency of the rotor. Bearings' cyclic faults generate harmonics with frequencies given by [6] , [7] 
for the case of a point defect in the outer race, or
if the defect is located in the inner race, where N b is the number of bearing balls. (5) and (6) are valid for N b between 6 and 9.
Frequency signatures for other types of faults, such as stator interturn faults [8] , can be found in the technical literature. Besides, in the case of mixed faults, as the simultaneous presence of static eccentricity and broken bars presented in [9] , additional fault harmonics may appear in the stator current.
As it can be seen in (1)- (6), to identify if the frequency of a spectral line in the spectrum corresponds to a given fault, it is necessary to have an accurate information about the supply 0885-8969 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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frequency f 1 , and also about the machine speed (to compute the slip s or f r ). This information is not stored in the spectrum itself, so when performing the spectrum analysis in the search of a specific fault signature, the supply frequency and the slip information must be retrieved, and the frequency of the suspected faults must be computed with the corresponding expressions (1) to (6) . This analysis requires a trained technician [10] , or, if automated, advanced artificial intelligence systems, such as neural networks [11] , support vector machines [12] or fuzzy systems [13] . Another approach to improve the reliability of the diagnostic process is to concentrate the effort not in adding more computational power to the interpretation of the spectrum, but in condensing the spectrum information about the fault in simple indicators that properly highlight the fault signature, as Filippetti and Artioli [10] suggest. In the case of faults where the characteristic sideband frequencies are separated from the supply component by multiples of the rotational frequency of the machine, such as in (4) to (6) , several works have proposed the so-called angular order tracking analysis (OT). Among its many variants, recent proposals are the Vold-Kalman filtering order tracking method [14] , the angular domain order tracking method [15] , or the equal phase sampling method (ESPM) [16] .
To perform an OT analysis of the machine, the current must be either sampled at constant angular displacements, triggered by position sensors (which requires a complex data acquisition equipment), or sampled in the time domain at a very high sampling rate, followed by a time domain to angular domain resampling process [17] . In this way, the fault harmonics appear at integer multiples of the so-called angular order, which facilitates the analysis of the spectrum. The method proposed in this paper, the harmonic order tracking analysis (HOTA), presents several new contributions in this context. First, using the existing OT methods cited before, the current signal must be resampled prior to its frequency analysis [14] - [17] , but, as [17] states, the spatial sampling frequency is limited by the temporal sampling frequency and the maximum expected velocity of the spatial component. Instead, with the proposed HOTA approach the current signal is not resampled. Second, the OT technique cannot be applied to faults whose characteristic frequency is not a multiple of the rotational frequency, so it cannot be used to detect rotor asymmetry faults, which depend on the machine's slip (1) . Instead, the proposed HOTA approach locates the fault harmonics at multiples of their integer order, and is valid for the detection of fault harmonics whose frequency is proportional to the machine's slip, including rotor asymmetry faults such as broken bars. Finally, the HOTA approach is able to generate a unique fault signature, the same for different load and supply conditions, which simplifies the analysis of the spectrum by trained personnel or automated diagnostic systems; and the diagnostic results can be condensed in a very low number of data values, which makes this technique especially well suited for storing or transmitting continuously updated information about the machine's condition.
Following the suggestion of Filippetti and Artioli [10] , the method proposed in this paper rearranges the information of the spectrum so that it highlights the presence/absence of a given fault in a simple and clear way. This method stems from the observation that in (1) to (6) (as in any other theoretical expression of IM fault's frequency signature), there is a common component: the integer order k of the harmonic. In this paper, it is shown that if the current's spectrum is obtained using this harmonic order as independent variable, instead of the frequency, then the machine condition can be very easily assessed, either by maintenance personnel or by automatic detection systems.
Additionally, only the amplitudes of the components with integer harmonic orders are needed to perform the diagnosis of the motor, so an extremely reduced spectrum, containing just these values, can be used for diagnostic purposes. This can be a crucial point, for example, in the case of embedded devices operating in real time [18] , such as digital signal processors (DSPs) [19] , [20] , field programmable gate arrays (FPGAs) [13] , portable devices [21] , small wireless sensors [11] , [22] , low cost processors [23] , energy-constrained sensor modules [24] , or remote diagnostic systems. Instead of storing, analysing and/or transmitting the whole current's spectrum, with thousands of points, an extremely reduced spectrum, with just the amplitudes of the components with integer harmonic orders (only a few points) suffices in the proposed method for performing the diagnosis of the motor.
The structure of this paper is as follows. In Section II, the proposed method is theoretically explained. In Section III, it is experimentally validated in a laboratory test rig using a commercial motor with broken bar faults, working under a wide variety of supply frequencies and loads. Finally, Section IV presents the conclusions of this study.
II. HOTA OF INDUCTION MACHINES FAULTS
The method proposed in this paper for the diagnosis of induction machines, the HOTA, relies on the fact that in (1) and (4)- (6) there is a significant, adimensional parameter k that includes both the information about the supply frequency and of the rotor slip. This parameter can take a series of positive and negative integer values. If the spectrum of the faulty current can be expressed in terms of the harmonic order k, instead of the frequency, then the spectral lines that reveal the presence of the fault can be directly located and evaluated in this new spectrum, termed the harmonic order spectrum, at the positions given by integer values of the harmonic order k. And these positions are the same regardless of the type of supply, the supply frequency, the sampling frequency or the motor load, which greatly facilitates the work of looking for fault signatures in the current spectrum.
In this section, the proposed method will be illustrated using the case of an induction machine with rotor asymmetry. Nevertheless, the same procedure can be followed to the treatment of any other type of machine fault or working conditions.
For the theoretical explanation of HOTA, the stator phase current of a healthy machine will be considered as purely sinusoidal i healthy (t) = I m cos(2πf 1 t) = I m cos(ω 1 t)
where ω 1 = 2πf 1 . In the case of rotor asymmetry, a series of new components associated to the fault appear in the stator current [3] . They can be modeled as an amplitude modulation of the healthy machine's current, with frequencies given by (1)
The first step of HOTA is the generation of a rotating current's phasor. Instead of using the three phase currents to build the current's phasor, as in [25] , [26] , just a single phase current is needed in the proposed method, as in [27] .
A rotating current phasor, with variable amplitude and phase
can be built so that its projection onto the real axis is precisely the current signal used to build the phasor
Among the different possibilities for generating i asym , there is one of them that is considered as the canonical representation of (9). This canonical representation, known as the analytic signal (AS), is built using the Hilbert transform (H) of the current, as
where
The modulus of the AS, A(t), contains the lower frequencies of the current's signal, and the argument of the AS, θ(t), contains the higher frequencies.
Under usual working conditions, it can be demonstrated that the current vector (11) has a constant rotating speed ( dθ dt = ω 1 ), and a modulus that oscillates with a frequency induced by the asymmetry fault. In effect, assuming that the value of the slip in (8) is low, then the Bedrosian theorem
can be applied to (8) , giving
A property of the Hilbert transform is that
so, applying (15) to (7) and (14) gives
Finally, using (11) and (16), the AS of i asym (t) is obtained as
which is a phasor with a constant rotating speed imposed by the supply frequency, ω 1 , and a modulus that oscillates with a frequency induced by the asymmetry fault, 2ksω 1 . The second step of HOTA is the expression of the current's phasor i asym on a reference frame that rotates synchronously with the rotor. Such a frame can be built by generating a rotating axis in the form φ rot (t) = e j pφ r o t (t) (18) where φ rot (t) is the mechanical angular position of the rotor. The rotor position can be obtained by direct measurement, using an absolute or an incremental encoder, or by integration of the measured rotor speed, using a tachometer.
The projection of the current's phasor i asym onto this rotating axis, i r asym , is obtained as i r asym (t) = i asym (t) * φ rot (t) * (19) where the superscript * stands for the complex conjugate. Assuming steady-state regime, (18) can be expressed as φ rot (t) = e j (pω r t) (20) and the slip as
Replacing both terms in (17) and (19) gives
In (22), the quantity
represents the angular speed of the rotating field, imposed by the supply frequency, measured in the rotor's frame. Substituting 
and using the cosine expansion
in ( 
The spectral analysis of (26) 
to the frequency axis of the spectrum of (26) produces a new spectrum, termed the harmonic order spectrum, where the components generated by the machine's fault appear exactly at the positions given by integer values of the harmonic order
Finally, only the amplitudes of the components with integer harmonic order (29) are needed to evaluate the presence of a machine's fault, either by a direct comparison with the thresholds established in the literature, or by performing a trend analysis of the machine's condition during its lifetime. This feature of the proposed method represents a drastic reduction in the number of points that must be stored, analyzed and possibly transmitted to perform the diagnostic process, while preserving the diagnostic information contained in the full length spectrum.
Besides, from (26) , it can be seen that the amplitude of the captured current signal is not altered in the proposed method, so that the same threshold values used in MCSA to establish the machine's condition can be used unaltered in the proposed HOTA approach.
The proposed method can be summarized as follows. 1) A stator phase current is sampled, and the rotor angular position is measured, either directly (updating the rotor position with the pulses of an encoder, for example) or by integrating the values of a speed sensor. 2) The current's rotating phasor is built using the Hilbert transform of one of the phases' current (11).
3) The rotor position (18) is used to generate a reference frame which rotates synchronously with the rotor. 4) The current's phasor is projected onto the rotor's frame (19). 5) The spectrum of the projected current is computed (27) . 6) The frequency axis of this spectrum is rescaled using (28) , so that each harmonic associated to the machine's fault in this harmonic order spectrum appear exactly at an integer harmonic order index (29). 7) The harmonic order spectrum is reduced by keeping only the amplitudes of the components with integer harmonic order. These values can be compared with predefined thresholds to evaluate the machine's condition. An example of the application of the proposed method can be seen in Fig. 1 , which shows the test of an IM, whose characteristics are given in Appendix B, working under rated conditions (slip s = 0.05), with one broken bar. In the first plot of this figure, Fig. 1(a) , the fault can be observed clearly in the spectrum of the stator current: the LSH (2) and the USH (3) appear as sidebands around the supply frequency, at a distance f asym = 2 s 50 = 5 Hz. Secondary k order fault components can be observed also in this spectrum, at distances from the supply component given by 2 k s 50 = 5 kHz. In Fig. 1(b) the spectrum of the current, after having been projected onto the rotor's frame, is shown (step 5 of the proposed method). The supply frequency appears in this spectrum at an absolute value of f r 1 = s 50 = 2.5 Hz. It is remarkable that the dependence of the harmonic frequencies on the motor slip has been eliminated by expressing the stator current phasor in the rotor frame. In this frame, all the fault frequencies appear at odd integer multiples of f r 1 , so that a simple shift of this new spectrum by one f r 1 interval, and a posterior rescaling in 2f r 1 units, (27) , produces the harmonic order spectrum, shown in Fig. 1 (c) (step 6 of the proposed method). Finally, in Fig. 1(d) , the reduced harmonic order spectrum is shown. It has been built keeping only the amplitudes of the components of the harmonic order spectrum of Fig. 1(c) with integer harmonic order k. Intermediate values have been also included for clarity of the representation. This reduced spectrum (step 7 of the proposed method) has just 15 values, but contains the same information about the fault that the full length spectrum, Fig. 1(a) , which has being built using a total number of 10 7 samples. In this way, from a diagnostic point of view, it is only necessary to store, analyze and/or to transmit a small set of 15 values to perform the diagnosis of the machine, irrespectively of the sampling frequency, the supply frequency, the type of supply, the load or the machine condition. This fact facilitates the use of low power/low memory devices and low capacity transmission channels.
III. EXPERIMENTAL VALIDATION OF THE PROPOSED METHOD
The experimental validation of the proposed method has been performed using a commercial IM with an artificially forced broken bar, tested under different supply and load conditions. In this section, the test bench is described, and the experimental results obtained are shown and commented. These results highlight one of the strengths of the proposed approach: its ability to display the diagnostic information about the fault in a very simple and direct way, irrespectively of the supply, load and working conditions of the machine.
A. Test Bench
The experimental tests have been carried out using the test bench described in Fig. 2 . It allows to fed an IM directly from the mains, or through a variable speed drive (VSD), model ABB ACS800-01-0005-3+E200+L503 (see Fig. 2, left) . The VSD can be programmed in scalar or direct torque control (DTC) modes. It is equipped with a module (FEN21) which outputs an electronically generated encoder signal with a resolution (programmable) of 720 pulses/revolution. The rotor's angular position, in (18) , has been computed with this encoder signal.
A permanent magnet synchronous machine (PMSM) is used as mechanical load. It is controlled by a servodriver, model ABB ACSM1-04AS-024A-4+L516 (see Fig. 2, right) . The PMSM main characteristics are given in Appendix A.
The test bench has been automated using a programmable logic controller (PLC), model ABB PM583 ETH, and a SCADA program (see Fig. 3, left) . The stator current has been measured using a current clamp (20A, 0-10 kHz, 1A/100 mV, precision class 2). This clamp has been connected to a digital oscilloscope, model Yokogawa DL750, using an analog voltage input module (ref. 701250, 10 Ms, 12 bits). The pulses generated by the VSD electronic encoder unit are sampled with an input module of the oscilloscope (ref. 701280). This equipment is shown in Fig. 3 . A sampling rate of 100 kHz has been used, to properly capture the encoder pulses and to avoid the use of antialiasing filters, and 100s of the current have been sampled in each test, to be able to resolve the fault harmonics even under no load conditions, giving a total number of 10 7 samples per spectrum.
B. Experimental Tests
An IM, whose characteristics are given in Appendix B, has been tested experimentally. A broken bar fault has been produced artificially by drilling a hole in one bar (see Fig. 3, right) . To cover a wide scenario of working conditions, the following parameters have been changed in different experimental tests.
1) The machine condition: healthy or faulty.
2) The type of supply: the motor has been fed with direct connection to the mains, and through the VSD. When using the VSD, two control strategies have been tested: scalar control mode, and DTC mode.
3) The supply frequency: a 50-Hz supply frequency has been used when the motor is connected to the mains, and lower frequencies have been used when connected to the VSD (25 Hz in scalar control mode and 25.34 Hz in DTC mode). 4) The load level: no load, 35% of the rated load, and full rated load have been used to test the viability of the proposed method in the full load range of the motor. Five different tests (a, b, c, d , and e in Table I ) have been performed, with different combinations of these parameters.
The first test, for comparison purposes, has been performed with a healthy machine, and the other four tests have been carried out with the machine with a broken bar. Table I also gives the theoretical frequencies of both the LSH (2) and the USH (3) for each test of the faulty machine, whose amplitudes can be compared with predefined thresholds to identify a broken bar fault. As Table I displays, both frequencies must be computed for every working condition of the motor. To perform a reliable diagnosis of the motor, a very precise determination of the supply frequency (which can be measured in the current's spectrum), and of the motor speed (which cannot be obtained from the spectrum), are needed to apply (2) and (3), specially when the motor operates unloaded, or at low speed. Only after the theoretical fault frequencies have been precisely established, the amplitude of the components at these frequencies can be compared with predefined fault thresholds. A slight error in the computation of the position of the fault harmonics (due for example to imprecisions in measuring the speed), can mislead automatic diagnostic systems, and may require the intervention of specialized maintenance personnel. These problems are even worse for higher order harmonics, with |k| > 1 in (1), because in this case the errors in the speed measurement are multiplied by the harmonic order.
Traditional MCSA results, using the conventional current spectrum in all the cases covered by Table I , are shown in Fig. 4 . As expected, the position of the fault harmonics changes drastically with the motor working conditions. The current spectrum alone cannot be used directly to assess the motor condition, because a subsequent work of computing the position of the fault harmonics must be done to locate their amplitudes in the spectrum.
On the contrary, the harmonic order spectrum, obtained using the proposed method, displays the information about the fault in a clear and extremely simple way, as shown in Fig. 5 . In this case, it is not necessary to perform any calculation to locate the fault harmonics in the spectrum, because they appear exactly at integer harmonic order positions. And these positions are the same in the five tests covered by Table I , independently of the working conditions of the motor. Besides, not only the USH and LSH can be identified quickly in the harmonic order spectrum, but also the fault harmonics with higher order numbers, which improves the reliability of the diagnosis.
Additionally, the only values that are needed to assess the motor condition are the amplitudes of the components with integer harmonic order. In this way, the spectrum of Fig. 5 can be reduced to just a few values. This feature is shown in Fig. 6 , where just 15 values are kept, while still displaying the presence of a motor fault. The values at intermediate positions between integer harmonic orders have been also kept to improve the legibility of the plots in Fig. 6 .
Finally, as the harmonic order axis in Fig. 6 is the same for any working condition of the motor, the different plots shown in Fig. 6 can be superimposed in a single plot, as in Fig. 7 . This figure shows that the fault information can be identified at the same positions of the harmonic order axis, irrespective of the motor working conditions and supply frequency, which Table I. simplifies the spectrum evaluation process in the search of fault signatures.
C. Practical Limitations of the Proposed Approach
The proposed diagnostic approach presents some practical limitations, as in the case of the MCSA approach.
1) The slip of the machine, which appears in (1) to (6), must be measured accurately. It depends both on the supply's frequency and on the machine's speed. The supply's frequency can be obtained directly from the current's spectrum, but the speed must be acquired with an external sensor, and in certain circumstances (machines with low inertia on shaft, or fed from VSD) there can be errors in the speed measurement. In this case, the fault harmonics appear in an MCSA spectrum at frequencies different from those given by (1) to (6) , and in the HOTA spectrum at noninteger harmonic orders, but close to them. In such case, the condensed HOTA spectrum is no longer valid, and a full HOTA spectrum must be used for diagnostic purposes. Nevertheless, the proposed approach provides a solution to this problem. Instead of using the speed to compute the rotor's frame position in (18) , an encoder can be used, which provides a direct measurement of the rotor position, with an error given by the angular resolution of the encoder, which does not depend on the operating conditions of the machine. In this study, an encoder with 720 pulses per revolution has been used, and the fault harmonics have been obtained at integer orders in the HOTA spectrum in all the tests performed, with a wide range of speed and supply's frequencies. 2) In the case of induction machines working at very low slip, as in the case of the experimental tests (b) and (d) of Table I , a high frequency resolution is needed, because the fault harmonics are very close to the supply's component. A long sampling time of 100 s has been used in the tests performed in this paper, to achieve a frequency resolution of 0.01 Hz.
3) Oscillating mechanical loads, fluctuations of the supply voltage [28] , or even the rotor axial ducts [29] may introduce new harmonics in the current's spectrum that, in some cases, appear as false fault harmonics, both in MCSA and HOTA. The use of sidebands around higher order harmonics [28] , or the analysis of the current in transient regime [29] , [30] , among others, have been proposed to solve this problem. To address this problem, the extension of the HOTA approach to the diagnosis of inductions machines in transient conditions is under development at this moment.
IV. CONCLUSION
In this paper, a novel approach to the diagnosis of induction machines' faults has been proposed, with a double goal. First, to facilitate the presentation of the fault information in the current spectrum, by directly locating the spectral components generated by the fault at integer harmonic order indexes. And, second, to reduce the amount of spectral values that must be stored, analyzed and/or transmitted, to a small set of data points, just the amplitudes of the spectral components with integer harmonic order. With the proposed method, the diagnostic information is displayed exactly at the same positions in the harmonic order spectrum, regardless of the type of supply, the supply frequency, the sampling frequency or the motor load. The description of the proposed method, its theoretical justification, and the experimental validation under a wide variety of supply types and working conditions have been presented in this paper.
The extension of the proposed approach to address the diagnosis of IMs working in transient conditions, while still keeping the same harmonic order spectrum that has been used in this paper for the steady-state regime, is currently under development, and will be presented in a future paper.
APPENDIX A MOTOR TYPE I
Permanent magnet synchronous machine. Rated characteristics: P = 4.9 kW, f = 50 Hz, T = 15.5 Nm, I = 14.4 A, and n = 3000 r/min.
APPENDIX B MOTOR TYPE II
Three-phase induction motor, star connection. Rated characteristics: P = 1.5 kW, f = 50 Hz, U = 400 V, I = 3.25 A, n = 2860 r/min, and cos ϕ = 0.85.
